We study the contribution of temperature-dependent chiral vortical effect (CVE) to the generation and evolution of the hypermagnetic fields and the matter-antimatter asymmetries, in the symmetric phase of the early Universe, in the temperature range 100GeV ≤ T ≤ 10TeV. Our most important result is that, due to the CVE, small overlapping transient fluctuations in the vorticity field in the plasma and temperature of matter degrees of freedom, can lead to the generation of strong hypermagnetic fields and matter-antimatter asymmetries, all starting from zero initial values. We show that to produce the desired positive matter-antimatter asymmetries, negative helicity hypermagnetic field must be generated.
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PACS numbers:
Anomalous transport effects play important roles in particle physics and cosmology, particularly in the early Universe [1] . One important effect of this kind is the socalled Chiral Vortical Effect (CVE), which refers to the generation of an electric current parallel to the vorticity field in the chiral plasma [2] . Thirty years after its discovery, the CVE appeared in the relativistic hydrodynamic equations as an interesting manifestation of anomalies in quantum field theory [3] . It is known that, in single species chiral plasma in the broken phase, the CVE shows up in the vector current as J cv = 1 4π 2 (µ 2 R − µ 2 L ) Ω, and in the axial current as J 5
where Ω is the angular velocity, T is the temperature of the species, and µ R and µ L are the right-handed and the left-handed chemical potentials of the species, respectively [2] [3] [4] [5] [6] [7] [8] [9] [10] . Interestingly, the term proportional to T 2 indicates that there can be an axial current, even if µ R = µ L = 0. In this study, we present the correct form of the chiral vortical current in the symmetric phase. Then, we show the prominent effects of the temperaturedependent part of this current in the symmetric phase of the early Universe close to the electroweak phase transition (EWPT). In particular we show that even very small, but overlapping, transient fluctuations in the vorticity field and temperature of matter degrees of freedom can have important consequences, including the generation of hypermagnetic field in the absence of initial matter asymmetries. Henceforth, we shall refer to transient fluctuations simply as fluctuations. Another anomalous transport effect is the chiral magnetic effect (CME), which refers to the generation of an electric current parallel to the magnetic field in the imbalanced chiral plasma [11] [12] [13] [14] . It is known that, in single species chiral plasma in the broken phase, the CME appears in the vector current as J cm = Q 4π 2 (µ R − µ L ) B, and in the axial current as
where Q is the electric charge of the species and B is the magnetic field [10, 11, 15, 16] . 1 The chiral magnetic current originating from the electroweak Abelian anomaly, and the chiral vortical current are both non-dissipative currents which can strongly affect the generation and the evolution of the magnetic fields and the matterantimatter asymmetries in the early Universe [17] [18] [19] [20] .
Observations clearly show that our Universe is magnetized in all scales [21, 22] . Various models have been proposed to explain the origin of these magnetic fields [20, [23] [24] [25] [26] [27] [28] [29] , among which, the one relying on the electroweak Abelian anomaly has attracted much attention and has been considerably investigated [17] [18] [19] 30] . There exists a relationship between the generation and the evolution of the hypermagnetic fields and the fermion number densities in this model, which is due to the chiral coupling of the hypercharge gauge fields to the fermions before the EWPT [26] . In case there is a preexisting asymmetry of the right-handed electrons, their number density is almost conserved far from the EWPT, i.e. T > 10TeV, due to their tiny Yukawa coupling. For smaller temperatures, this asymmetry can be converted to the hypermagnetic helicity according to the Abelian anomaly equation, 17-19, 26, 30, 31 ]. The anomaly equation shows that, in a reverse process, a strong helical hypermagnetic field can generate the matter-antimatter asymmetries in the Universe, as well [32] [33] [34] .
Another challenge in particle physics and cosmology is the excess of matter over antimatter, such that the measured baryon asymmetry of the Universe is of the order of η B ∼ 10 −10 [35] [36] [37] . The three Sakharov conditions 2 should be satisfied in any CPT invariant model used to explain this asymmetry from an initially symmetric Universe [38] . In previous studies based on the electroweak Abelian anomalous model, it has been assumed that there is either a significant amount of matterantimatter asymmetry to produce the hypermagnetic field, or a strong hypermagnetic field to produce the matter-antimatter asymmetries. The most important result of this study is that the matter-antimatter asymmetries and the hypermagnetic field can all be generated simultaneously from zero initial values, by considering the temperature-dependent CVE before the EWPT. To obtain this interesting result, it suffices to consider simultaneous small fluctuations, about the background values, in temperature of the right-handed electrons and the vorticity field, close to the EWPT.
To obtain the anomalous magnetohydrodynamics (AMHD) equations in the symmetric phase of the expanding Universe, we start with the Maxwell's equations for the hypercharge-neutral plasma. Taking the CVE and the CME into account, these equations are given as [20, 39- 
where R is the scale factor, H =Ṙ/R is the Hubble parameter, σ is the electrical hyperconductivity of the plasma, and v and ω = 1 R ∇ × v are the bulk velocity and vorticity of the plasma, respectively. Furthermore, the chiral vorticity and helicity coefficients c v and c B are given as 3
where n G is the number of generations, and N c = 3 and N w = 2 are the ranks of the non-Abelian SU (3) and SU (2) gauge groups, respectively. Moreover, µ Li (µ Ri ), µ Qi , and µ uR i (µ dR i ) are the common chemical potentials of left-handed (right-handed) leptons, the left-handed quarks with different colors, and up (down) right-handed quarks with different colors, respectively. Furthermore, 'i' is the generation index. Let us make the same assumptions as in our previous studies, and simplify c v and c B accordingly [18, 20] . We assume that all quark Yukawa processes are in equilibrium and, because of the flavor mixing in the quark sector, all up or down quarks belonging to different generations with distinct handedness have the same chemical potential [18, 42] . For simplicity, we also assume that the Higgs asymmetry is zero and obtain [18, 43] 
Furthermore, we assume that only the contributions of the baryonic and the first-generation leptonic chemical potentials to c v and c B are significant. As for the temperature fluctuations, it suffices to consider fluctuations in only one of the matter components, which we take to be e R . Using Eq. (9) and substituting the values of hypercharges we simplify Eqs. (7) and (8) to obtain
where ∆T 2 = T 2 eR − T 2 eL is the temperature fluctuation, T = T eL is the equilibrium temperature of the thermal bath, and µ B = 12µ Q . We set ∆T 2 = T 2 β(T ), where β(T ) is an arbitrary profile function to be specified later.
The continuity equation for the plasma together with the assumption of fluid incompressibility leads to the condition ∇. v = 0 [20, 44] . In the following, we choose a simple monochromatic Chern-Simons configuration for the hypermagnetic field B Y = (1/R) ∇× A Y , and the velocity field v = (1/R) ∇× S [18, 20] . To do this, we choose A Y = γ(t) (cos kz, sin kz, 0), and S = r(t) (cos kz, sin kz, 0), for their corresponding vector potentials [45] [46] [47] . Note that we have chosen a fully helical form with the negative helicity for both of these vector potentials in order to later produce the desired positive matter-antimatter asymmetries. For a fully helical B Y , the evolution equation for the velocity field is [20] ∂
where the kinematic viscosity ν ≃ 1/(5α 2 Y T ) [48, 49] . Neglecting the displacement current in the lab frame and using the aforementioned configurations, the hyperelectric field and the evolution equation for the hypermagnetic field are obtained, as follows :
where ω = −k ′ v, σ = 100T , and k ′ = k/R = kT . The latter shows the increase of the hypermagnetic length scale, due to the expansion of the Universe. The Abelian anomaly equations for the first-generation leptons in the symmetric phase are as follows [50] 
where ∇ µ is the covariant derivative with respect to Friedmann-Robertson-Walker (FRW) metric ds 2 = dt 2 − R 2 (t)δ ij dx i dx j , t is the physical time, and x i s are the comoving coordinates. Integrating the above equations over all space and considering the perturbative chirality flip reactions for the leptons, we obtain [17, 18, 20, 51] ,
In the above equations, η f = n f − nf /s with f = e R , e L , ν L e is the lepton asymmetry and n i (n i ) is the number density of the ith species of the fermion (antifermion), s = 2π 2 g * T 3 /45 is the entropy density and g * = 106.75 is the effective number of relativistic degrees of freedom, x = (t/t EW ) = (T EW /T ) 2 is given by the Friedmann law, Γ 0 = 121, t EW = M 0 /2T 2 EW , and M 0 = (M Pl /1.66 √ g * ), where M Pl is the Plank mass. Furthermore, the term (Γ 0 /t EW ) 1−x √ x appearing in the equations is the chirality flip rate of the right-handed electrons. Using the conservation law η B /3 − η L1 = const., the evolution equation for the baryon asymmetry is also obtained as
Using the following change of variable µ f = (6s/T 2 )η f with Eq. (13) we obtain
With the helical configurations chosen, v(t).
We choose the profile of temperature fluctuation, β(T ) = ∆T 2 /T 2 as defined in Eq. (10) and the paragraph below it, to be Gaussian:
where β 0 is the amplitude multiplying the normalized Gaussian distribution, and x = (t/t EW ) = (T EW /T ) 2 , as defined before. The profile of the vorticity fluctuation must have an overlap with that of temperature fluctuation, in order to produce any effect. For simplicity, we choose the two profiles to be identical. That is, where ω 0 = k ′ v 0 , and v 0 is the amplitude of the velocity fluctuation.
For an illustrative example we set the initial values of the hypermagnetic field amplitude and the matterantimatter asymmetries to zero, i.e. B , and x 0 = 0.00045, for different values of β 0 , and present the results in Fig. 1 . As can be seen from the figure, this leads to the generation of strong hypermagnetic fields which then initiate the production of matter-antimatter asymmetries, all starting from zero initial values. It can be seen that by increasing the amplitude of the temperature fluctuation, the maximum and the final values of the hypermagnetic field amplitude, as well as the matter-antimatter asymmetries increase. We have found that increasing the amplitude of the vorticity field fluctuation has similar effects.
Conclusion.-In this study, we have investigated the contribution of the temperature-dependent CVE to the generation and evolution of the hypermagnetic fields and the matter-antimatter asymmetries, in the symmetric phase of the early Universe plasma and in the temperature range 100 GeV ≤ T ≤ 10 TeV. In particular, we have shown that small simultaneous and transient fluctuations of vorticity about zero background value and temperature of some matter degrees of freedom about the equilibrium temperature of the plasma, close to the EWPT, can generate strong hypermagnetic fields and large matter-antimatter asymmetries, even in the absence of any initial seed for the hypermagnetic field or any initial matter-antimatter asymmetries. Furthermore, we have shown that, an increase in the amplitude of temperature or vorticity fluctuations leads to the production of stronger hypermagnetic fields, and therefore, larger matter-antimatter asymmetries. This outcome has not been observed in any of the previous studies. In some studies which only take the CME into account, either an initially strong hypermagnetic field produces matter-antimatter asymmetries, or initial large matterantimatter asymmetries strengthen a preexisting seed of hypermagnetic field [17] [18] [19] . In some other studies which also include the CVE and assume large initial chiralities in the vortical plasma, a seed of the hypermagnetic field
